Our studies on the synthesis of chloro-derivatives of indole-3-acetic acid originated from our previous isolation of 4-chloroindole-3-acetic acid (4-Cl-IAA) and its methyl ester from immature seeds of Pisum sativum.
1,2)
The synthesis and biological activities of 4-Cl-IAA and its esters, as well as their usefulness as root formation promoters, have also been reported. [3] [4] [5] We have reported the synthesis and biological activities of 5,6-dichloroindole-3-acetic acid (5,6-Cl 2 -IAA), the most active of the known natural and synthetic auxins, [6] [7] [8] and those of 2-(5,7-dichloro-3-indolyl)isobutyric acid (5,7-Cl 2 -IIBA), a potent antiauxin. 9) Non-substituted and substituted 4,4,4-trifluoro-3-(3-indolyl)butyric acids (TFIBAs), novel fluorinated root growth promoters with strong root growth-promoting activity for Chinese cabbage, lettuce, and rice seedlings, have also been synthesized. [10] [11] [12] In addition, 5,6-difluoroindole-3-acetic acid (5,6-F 2 -IAA) has been synthesized as a new fluoroindole auxin. 13) 2-(3-Indolyl)propionic acid (2-IPA), with a methyl group at the -position of the side chain of indole-3-acetic acid, has been assayed for its auxin activity to clarify the effect of the -substituent in the acetic acid part of the side chain. Findings on the activity, which have been obtained by various bioassays, show that the activity of 2-IPA often equaled or surpassed that of IAA. Both the (+)-and (À)-antipodes of 2-IPA have been confirmed to have the same activity in the Avena straight growth test. [14] [15] [16] Kögl , however, has reported that, in the Avena curvature test, the (+)-form of 2-IPA was about 30 times as active as the (À)-form. 17) In a wheat root growth inhibition test, the (+)-antipode was about 6 times more active than the (À)-antipode, 14) whereas, in the flax root test, the (À)-antipode was about twice as active as the (+)-antipode. 14, 16) We have recently reported the synthesis, absolute configuration, and biological activity of 2-(5,6-dichloro-3-indolyl)propionic acid (5,6-Cl 2 -2-IPA). 18) There was no essential difference, however, in the hypocotyl growth inhibition and Avena coleoptile elongation between the (S)-(+)-and y To whom correspondence should be addressed. Tel: +81-52-736-7325; Fax: +81-52-736-7400; E-mail: m.katayama@aist.go.jp (R)-(À)-enantiomers of 5,6-Cl 2 -2-IPA. In respect of the elongation of Avena coleoptiles, 5,6-Cl 2 -IAA had the strongest activity, while 5,7-Cl 2 -IAA, with one chlorine atom shifted from the 6-to 7-position of the indole ring, showed weak stimulating activity at a low concentration and inhibitory activity at a high concentration. When wheat and rice seeds were germinated with 5,7-Cl 2 -IAA, the results also showed negative geotropism which clearly indicated antiauxin activity. This compound appears to be unique in having both auxin-like and antiauxin activities. 9) Furthermore, 5,7-Cl 2 -IIBA with two methyl groups introduced into the -position of the side chain of 5,7-Cl 2 -IAA had the strongest antiauxin activity. 9) To clarify the relationship between the antiauxin activity and stereochemistry of the -substituted side chain, we synthesized both enantiomers of 2-(5,7-dichloro-3-indolyl)propionic acid (5,7-Cl 2 -2-IPA). We report here this synthesis and determination of the absolute configurations based on a 1 H-NMR spectral analysis, as well as the biological activities of (S) 
Materials and Methods
Instrumentation. Optical rotation values were measured with a Jasco DIP-370 polarimeter.
1 H-NMR spectra were recorded with a Jeol FX-200 spectrometer, with tetramethylsilane in acetone-d 6 (An-d 6 ) as the internal standard. Mass spectra were recorded by a Jeol DX-705L spectrometer.
Methyl 5,7-dichloro-1-methoxycarbonylindole-3-acetate (5a). Methyl chloroformate (0.14 ml, 1.81 mmol) was added dropwise over a 15 min period to a rapidly stirred mixture of methyl 5,7-dichloroindole-3-acetate (4a) [300 mg, 1.16 mmol, prepared from 5,7-dichloroindole-3-acetic acid (5,7-Cl 2 -IAA, 3a) by methylation with diazomethane] and benzyltriethylammonium bromide (8 mg, 29.4 mmol) in dichloromethane (5 ml) and a 30% sodium hydroxide solution (5 ml) at 0 C. After the mixture had been stirred for 1 h at 0 C, two layers separated. The aqueous layer was extracted three times with dichloromethane. The combined dichloromethane layer was successively washed with water and saturated brine, dried over anhydrous sodium sulfate, and evaporated in vacuo, giving a crude carbamate. This carbamate, which was purified by chromatography in a short silica gel column with a solvent of ethyl acetate-nhexane (1:9), yielded 350 mg (95.3%) of 5a. 
A solution of 5a (408 mg, 1.29 mmol) in dry THF (15 ml) was injected by syringe through a silicon rubber septum into a round-bottomed flask, before a dry THF solution of lithium diisopropylamide (LDA, 3.6 ml, 2.0 equiv) was added dropwise at À78 C by syringe. After the mixture had been stirred for 1 h, a methyl iodide solution (prepared by adding dry alumina to a solution of 0.2 ml of methyl iodide in 4.0 ml of dry THF) was added dropwise at À78 C to the THF solution by syringe, and the whole solution was stirred for 2 h. The reaction mixture was poured into a mixture of diethyl ether and aqueous ammonium chloride. The aqueous layer obtained was extracted three times with diethyl ether. The combined diethyl ether layer was successively washed with water and saturated brine, dried over anhydrous sodium sulfate, and evaporated in vacuo to yield a crude oil. This oil, which was purified by preparative thin-layer chromatography on silica gel with a solvent of ethyl acetate-n-hexane (3:7), afforded 260 mg (61.0% yield) of (AE)-6a. (
A potassium hydroxide solution (85%, 0.43 g, 6.51 mmol) in water (2.5 ml) was added to a solution of (AE)-6a (250 mg, 0.76 mmol) in methanol (10 ml), and the whole was stirred at 70 C for 1 h. The mixture was then cooled to room temperature, and the methanol removed in vacuo to leave an aqueous solution. This solution was acidified with a 1 N HCl solution and treated three times with ethyl acetate. The combined ethyl acetate layer was successively washed with water and saturated brine, dried over anhydrous sodium sulfate, and evaporated in vacuo to give crude propionic acid which was purified by preparative thin-layer chromatography on silica gel with a solvent of ethyl acetate-n-hexane (1:1) to afford 150 mg (77.0% yield) of (AE)-1.
0 -dicyclohexylcarbodiimide (41.0 mg, 0.21 mmol) in dichloromethane (5 ml) was added to a solution of racemic 1 (40 mg, 0.16 mmol), l-menthol (32 mg, 0.21 mmol) and 4-dimethylaminopyridine (20 mg, 0.16 mmol) in dichloromethane (15 ml). After the reaction mixture had been stirred at 25 C for 5 h, the resulting N,N 0 -dicyclohexylurea (DCU) was filtered off, and the filtrate evaporated to dryness. Ethyl acetate was added to the residue, the resulting solution cooled, and insoluble DCU removed by filtration. The filtrate was successively washed with a 1 M NH 4 Cl solution, water and saturated brine, dried over anhydrous sodium sulfate, and then evaporated in vacuo, giving a crude ester which was purified by preparative thin-layer chromatography on silica gel with a solvent of ethyl acetate-n-hexane (1:4) to give 34 mg (55.4% yield) of 7a.
HPLC separation of diastereomeric l-menthyl 2- 
A mixture of 8a (2.6 mg, 7.0 mmol), a 4 N aqueous solution of p-toluenesulfonic acid in water (0.4 ml), and methanol (0.1 ml) was placed in a 5-ml round-bottomed flask fitted with a reflux condenser and magnetic stirrer. The mixture was heated at 70 C for 8 h, cooled to room temperature, adjusted to pH 3 with a 1 N NaOH solution and then extracted three times with ethyl acetate. The combined ethyl acetate layer was successively washed with water and saturated brine, dried over anhydrous sodium sulfate, and evaporated in vacuo, giving a crude oil which, after being purified by preparative thin layer chromatography on silica gel with a solvent of ethyl acetate-n-hexane (1:1), gave 0.52 mg (30.7% yield) of (+)- 
Preparation of (S)-(þ)-2-(3-indolyl)propionic acid [(S)-(þ)-2-IPA, (þ)-2] and (R)-(À)-2-(3-indolyl)propionic acid [(R)-(À)-2-IPA, (À)-2].
l-Menthyl 2-(3-indolyl)propionate (7b). (AE)-2 (20.0 mg) was treated by the procedure used for the synthesis of 7a, giving 14.0 mg (40.5% yield) of 7b. This diastereomeric propionate was then separated by HPLC.
HPLC separation of diastereomeric l-menthyl 2-(3-indolyl)propionate (7b) into l-menthyl (þ)-2-(3-indolyl)propionate (8b) and l-menthyl (À)-2-(3-indolyl)propionate (9b). The diasteromeric mixture of 7b (10.0 mg) was separated by recycling HPLC in a Develosil 60-10 column ( 20 Â 250 mm) with a solvent of 40% CHCl 3 in n-hexane (flow rate of 10 ml/min) to give 6.0 mg of 9b and 2.7 mg of 8b. The less-and more-polar diastereomers were respectively eluted at retention times of 49.4 and 54.5 min in the ratio of 2. . Plant material and bioassay. The plant material (Avena sativa cv. Victory-1) used in the bioassay and the bioassay method were the same as those described in a previous study. 6) Duplicate bioassays were conducted twice.
Results and Discussion
Racemic 1 was synthesized by the method previously described for the synthesis of racemic 5,6-Cl 2 -2-IPA (Fig. 1) . 18) According to the findings for 5,6-Cl 2 -2-IPA, racemic 1 first was converted to its diastereomers with (S)-1-phenylethyl alcohol, although the phenylethyl diastereomers of 1 could not be clearly separated under the conditions used to separate the 5,6-Cl 2 -2-IPA diastereomers. Racemic 1 was converted to its diastereomeric esters with l-menthol. These esters (7a), which were separated by recycling HPLC, yielded a pair of diastereomers. The diastereomeric production ratio of less-polar 8a to more-polar 9a was about 1:2.5. The predominant formation of 9a was due to the interaction between an indole and menthyl group during esterification. The respective diastereomeric excess of the lessand more-polar diastereomers was 98.1% and 100%. The respective diastereomers were finally converted to optically active (+)-1 and (À)-1 by acidic hydrolysis, and their respective enantiomeric excess was 95.8% and Optically active 2-(3-indolyl)propionic acids (+)-2 and (À)-2, which had also been synthesized by the procedure used for the synthesis of optically active (+)-and (À)-1, were used as standards in the determination of the absolute configurations of (+)-and (À)-1 (Fig. 1) . In that determination, the production ratio of the lessand more-polar diastereomers was also 2.5:1. Morepolar 8b and predominantly produced less-polar 9b resulted in (S)-(+)-2 and (R)-(À)-2, respectively. These diastereomers were eluted in opposition unlike the case for the HPLC separation of 8a and 9a.
The absolute configurations of (+)-1 and (À)-1 were determined by comparing the 1 H-NMR spectra of 8a and 9a with those of 8b and 9b. There was no essential chemical shift difference in any of the protons of the indole ring and side chain of 8b and 9b, whereas the chemical shifts of the three methyl protons at 8 0 , 9 0 and 10 0 positions of the l-menthyl part of the diastereomers differed significantly ( Table 1 ). The two methyl groups of 8 0 and 9 0 in 9b were respectively 0.35 and 0.22 ppm higher in field than those of the antipode (8b). The 10 0 -methyl protons of this diastereomer (8b), however, appeared in a 0.21 ppm higher field than those of the antipode (9b). These high-field shifts were caused by anisotropy of the indole ring. These findings indicate that, for 9b converted to (À)-2, the 2-propyl group at the 2 0 position was on the same side of the indole ring and that, for 8b converted to (+)-2, the 10 0 -methyl group was also on the same side of the indole ring, as shown by the conformation in Fig. 2 . There was no essential chemical shift difference for any of the protons on the indole ring and side chain of 8a and 9a, whereas the chemical shifts of the three methyl protons at the 8 0 , 9 0 and 10 0 positions of 8a and 9a differed significantly, as was the case for diastereomers 8b and 9b (Table 1 ). The methyl protons of 8 0 and 9 0 in 9a were respectively 0.34 and 0.22 ppm higher in field than those of 8a. Furthermore, the 10 0 -methyl protons in 8a were 0.21 ppm higher in field than those of 9a. This means that, in 9a converted to (À)-1, the 2-propyl group at the 2 0 position was on the same side as the indole ring and that, in 8a, the group was on the opposite side (Fig. 2) . Consequently, the absolute configuration of (+)-1 derived from 8a was S and that of 9a was R.
The biological activities of (S)-(+)-1 and (R)-(À)-1 were measured by the elongation of Avena coleoptiles and compared with those of racemic 5,7-Cl 2 -2-IPA and IAA. The results for Avena sativa are shown in Fig. 3 . (S)-(+)-1 had weak auxin activity, whereas (R)-(À)-1 had elongation-inhibiting activity rather than auxin activity at any of the concentrations tested. This inhibitory activity was due to the antiauxin activity and is very close to that of 5,7-Cl 2 -IIBA. 4) Racemic 5,7-Cl 2 -2-IPA had about half the auxin activity of (S)-(+)-1. This finding is evidence for only the (R)-methyl group contributing to the antiauxin activity of 5,7-Cl 2 -IIBA. Furthermore, this result suggests that the auxin activity of both enantiomers of 5,6-Cl 2 -IPA was predominantly due to the position of the chlorine atom on the indole ring, rather than to the stereochemistry at the -position of the side chain of 5,6-Cl 2 -IPA.
The development of a novel synthetic method for producing 5,7-Cl 2 -2-IPA and 5,7-Cl 2 -IIBA is in progress for their possible use as potent antiauxins in biological research. 5,7-Cl 2 -IIBA synthesized by the Fischer indolization method described in reference 9 is now commercially available.
